Rad21/Scc1 is a subunit of the cohesin complex implicated in gene regulation as well as sister chromatid cohesion. The level of Rad21/Scc1 must be controlled for proper mitosis and gene expression during development. Here, we identify the PP2A catalytic subunit encoded by microtubule star (mts) as a regulator of Drosophila Rad21/Verthandi (Vtd). Mutations in mts and vtd cause synergistic mitotic defects, including abnormal spindles and loss of nuclei during nuclear division in early embryo. Phosphorylation is a key posttranslational mechanism for the regulation of cell signaling pathways. Increasing evidence indicates that dephosphorylation also plays pivotal roles to control diverse developmental processes, including cell growth, proliferation and cell polarity [1] [2] [3] [4] [5] . Protein phosphatase 2A (PP2A) is one of the major evolutionarily conserved serine/threonine phosphatases in eukaryotes 6,7 that functions as a heterotrimeric complex composed of three subunits: catalytic (C), structural (A) and regulatory (B) subunits 1 . In Drosophila, the C subunit of PP2A was identified as an essential factor for mitosis. The C subunit was named Microtubule star (Mts) because mts mutant embryos show abnormal pattern of microtubule spindles emanating in all directions from centrosomes during mitosis 8 . With respect to the function of Mts in mitosis, it is noteworthy that a cohesin subunit Verthadi (Vtd) was isolated as an interacting partner of Mts from a two-hybrid screen described in this study. Vtd is an ortholog of the Rad21/Scc1 subunit in the cohesin complex that controls separation and cohesion of sister chromatids during mitosis [9] [10] [11] . Cohesin is an evolutionarily conserved complex consisting of four subunits, Rad21/Scc1, Stromalin (SA) and Structural Maintenance of Chromosome 1 and 3 (SMC1 and SMC3) [12] [13] [14] . Cohesin forms a ring-like structure that holds sister chromatids after DNA replication 15, 16 . Rad21/Scc1 is phosphorylated by Polo kinase and cleaved by separase, leading to the release of sister chromatids during anaphase in yeast 9, 17 . However, Polo-dependent regulation of Rad21 has not yet been confirmed in Drosophila.
, consistent with the role of Rad21/Scc1 for stabilizing the cohesin complex. Vtd is not required for sister chromatid cohesion in meiosis 25, 26 , suggesting that Vtd is specifically involved in mitotic segregation of sister chromatids. A systematic RNAi screen in cultured S2 Drosophila cells has found the roles of multiple protein phosphatases including PP2A in mitosis 27 . S2 cells depleted in Mts or other PP2A subunits show aberrant arrays of microtubules as seen in mts mutant embryos. Widerborst (Wdb) (Drosophila B56 subunit) forms a protein complex with MEI-S332 (Drosophila homolog of Sgo) at the centromeres as in human and yeast cells. Whereas Sgo recruits PP2A in yeasts, Wdb is required for the localization of MEI-S332 but not vice versa as in mammalian cells. Although Sgo is crucial for protecting cohesion during meiosis in all eukaryotes tested, MEI-S322 is not essential for mitosis in Drosophila 28 . Based on these differences between organisms, it is important to identify specific function of PP2A and Vtd/Rad21 in Drosophila to understand their functional relationship 19, [29] [30] [31] [32] [33] . A recent study has shown that the Dalmatian (Dmt), a Drosophila ortholog of the vertebrate cohesin-interacting Sororin, is required for recruiting PP2A to the pericentric heterochromatin in S2 cell. Interestingly, Dmt can restore mitotic defects of Sgo1-depleted human cells, indicating that Dmt has cohesin protection activity 34 . However, it is unknown whether Dmt and/or PP2A are required for the cohesin function in developing fly tissues and whether these proteins are involved in regulating the stability and the level of Cohesin complex proteins.
It has been suggested that a major role of Mts in early Drosophila embryo is to link spindle microtubules to kinetochore since loss of Mts leads to spindle microtubules formed in random directions from centrosomes without association with chromosomes. Another intriguing phenotype of mts loss-of-function mutations involves frequent loss of mitotic nuclei, resulting in free centrosomes separated from nuclei 8 . Similar phenotypes were also found in early embryos of abnormal anaphase resolution (aar) mutants, which are allelic to twins (tws), the B subunit of PP2A 35 . It is unknown whether cohesin subunit mutants also show similar defects in Drosophila embryos. In addition to the function in mitosis, cohesin has additional roles in transcriptional gene regulation. Nipped-B is a Drosophila adherin that is required for loading cohesin onto chromosomes. Mutations in Nipped-B affect gene expression resulting in developmental and neurological defects that might model the Cornelia de Lange Syndrome caused by mutations in NIPBL, the human homolog of Nipped-B 36 . Nipped-B and cohesin are involved in regulating the expression of the cut gene that is essential for wing outgrowth 37, 38 . Along with these findings, it has been shown that Vtd belongs to the trithorax group proteins that facilitate transcription for gene regulation 39, 40 . Mitosis and organ growth must be regulated for normal development. Despite the importance of Vtd in these events, it is unknown how the level of Vtd protein is regulated in developing animals.
In this study, we analyze molecular and functional relationships between Mts and Vtd in Drosophila. Mutations or knockdown of mts and vtd cause synergistic spindle defects and nuclear loss during nuclear division in early embryo. mts and vtd also show strong genetic interaction in developing wing. We demonstrate physical interaction between Mts and Vtd. Further, we provide evidence that PP2A is required for the maintenance of Vtd protein level by a proteasome-dependent pathway. Hence, we propose that Mts is required for Vtd stability to control mitosis and wing growth.
Results
Vtd is a direct interacting partner for Mts. To isolate protein partners that interact with Mts, we screened a yeast two-hybrid library for Drosophila using a C-terminal Mts region (amino acid 243~309, MtsC67) that showed a low level of autoactivation. From this screen, we obtained three interacting partners for Mts; Verthandi (Vtd) (Fig. 1a) , Replication Protein A 70 (RPA70), and CG3262. Among these proteins, we further characterized the interaction between Mts and Vtd because both proteins play roles in mitosis 8, 10, 11, 17, 27, 39, 41 . Vtd/Rad21 was also in a PP2A-interacting network from a Drosophila proteomic analysis by mass-spectrometry, although it was not determined whether Vtd directly binds to PP2A 42 . First, we confirmed the physical interaction between Mts and Vtd. In vitro GST (Glutathione-S-transferase) pull down assay using MBP (Maltose binding protein)-tagged full-length Mts and GST-tagged full-length Vtd showed that Mts directly binds to Vtd protein (Fig. 1b) . This interaction was verified by co-immunoprecipitation (co-IP) using S2 cells transfected with 2xFLAG-tagged-Mts and V5-tagged-Vtd (Fig. 1c) . In reciprocal co-IP experiments using FLAG or V5 antibody, Mts protein formed a protein complex with Vtd in S2 cells. Next, we tested whether Mts and Vtd interact in physiological conditions in vivo. We performed co-immunoprecipitaion (co-IP) using extracts from vtd mutant embryos expressing transgenic vtd wild-type gene (Genotype: w*; vtd ex3 , tub::vtd WT -myc 10 ). Vtd WT -myc 10 expressed by tubulin promoter rescues vtd ex3 mutant phenotypes 43 . This co-IP assay showed that Myc-tagged-Vtd proteins form a protein complex in vivo with endogenous Mts (Fig. 1d) .
Since three separate regions of Vtd are conserved in eukayotic Rad21 family proteins, we tested whether Mts interacts with these conserved domains of Vtd. We used the Eukaryotic Linear Motif (ELM) resource (http://elm. eu.org/) to identify distinct structural domains of Vtd. According to the ELM analysis, Vtd can be divided into five domains ( Supplementary Fig. S1a ). Vtd 1~152 , Vtd 273~530 and Vtd 625~715 are globluar domains that show strong homology to Rad21/Scc1 ( Supplementary Fig. S1a,b) . The remaining two regions (153-272 and 531-624) are not conserved and their functions are unknown. We performed co-IP assays with 2xFLAG-tagged full-length Mts and truncated Vtd fragments tagged with V5 expressed in S2 cells. Co-IP results indicated that three Vtd regions (Vtd 1~152 , Vtd 273~530 , Vtd 625~715 ) can form a complex with full-length Mts ( Supplementary Fig. S1c ). These data confirm that Vtd is a binding partner of Mts, and Mts interacts with the conserved domains of Vtd.
Mutations in mts and vtd synergistically result in mitotic defects. To determine whether Mts and Vtd are functionally related in mitosis, we examined nuclear division cycles during early embryogenesis. Nuclear divisions in syncytial embryos are mainly regulated by maternal gene products. Therefore, we analyzed embryos obtained from crosses between mts/+ and/or vtd/+ heterozygous mutant females and wild-type males. To www.nature.com/scientificreports www.nature.com/scientificreports/ eliminate any effects of balancer chromosomes, mts/+ and vtd/+ females were generated from crosses between mts/CyO and vtd/TM6b heterozygotes and wild-type flies, respectively. During metaphase of the nuclear division cycles 9-13, embryos from mts heterozygous females (mts 02496 /+ or mts XE-2258 /+) showed nearly normal pattern of mitosis. However, there were occasional abnormalities such as branched spindles or chromosome-free centrosomes at low frequencies (about 5% for both mts alleles), implying that these mutations have weak dominant effects in heterozygotes (Fig. 2b-b "' ,c-c"' ,g). Embryos from vtd heterozygous mutant females (vtd ex3 /+) showed the normal pattern of mitosis without detectable dominant phenotypes ( Fig. 2d-d"' ,g ).
In contrast with mts/+ or vtd/+ heterozygote, embryos from double heterozygous mutants for mts and vtd genes (mts 02496 /+; vtd ex3 /+ or mts XE-2258 /+; vtd ex3 /+ without balancers) exhibited severe mitotic defects in about 17 and 20% of the nuclei scored, respectively (Fig. 2e -e"",f-f ""). The term 'nuclei' is used to score defective mitosis in embryo even though most nuclear membranes are lost during mitosis, albeit not entirely 44 . For each genotype, about 1700 mitotic nuclei from 10 embryos were scored for quantification of different phenotypes (Fig. 2g) . Most common defects in double heterozygotes for vtd ex3 and two different mts alleles were centrosomes without chromosomes and abnormally fused or branched spindle microtubules. Embryos from mts XE-2258 /+; vtd ex3 /+ heterozygotes showed higher frequency of monopolar spindles and free centrosomes with star-shaped spindles than mts 02496 /+; vtd ex3 /+ heterozygotes. Such centrosomes with star-shaped spindles were similar to the "microtubule-star" phenotype seen in mts mutant embryos 8 . These genetic interactions between mts and vtd heterozygotes suggest that Mts and Vtd cooperate in the process of mitosis.
In early embryogenesis, nuclei undergo mitotic divisions without cytokinesis to generate syncytium, a multinucleate single cell embryo. After 14th nuclear division cycle, syncytial embryo undergoes cellularization 45 . We examined whether vtd and mts also show mitotic defects in cellularized embryo. We induced mts RNAi and/or vtd RNAi ubiquitously in cellularized embryos by armadillo (arm)-GAL4 (labelled as arm > mts RNAi or arm > vtd RNAi). Approximately 4h-old embryos were stained for tubulin and phosphohistone H3 (PH3), and examined for the pattern of mitosis in the region anterior to the cephalic furrow. The pattern of chromosome alignment and segregation was normal in arm > + control embryos. PH3-stained chromosomes were aligned at the equator in metaphase while segregating anaphase chromosomes were detected near the poles. Knockdown of mts (Fig. 3c- Fig. 3e -e"' ,f-f "' ,i) using arm-Gal4 resulted in similar defects in patterns of chromosomes and PH3 staining. In contrast, arm > mts RNAi, vtd RNAi double knockdown embryos showed severe mitotic defects, including abnormal spindle morphology and irregular distribution of PH3-labelled chromosomes ( Fig. 3g -g"' ,h-h"' ,i). These data suggest that reduction of Mts and Vtd synergistically impairs chromosome alignment during metaphase possibly due to abnormal spindles and that genetic interaction between mts and vtd is important for cell division in cellularized embryos as well as in syncytial embryos. www.nature.com/scientificreports www.nature.com/scientificreports/ Reduced Mts and Vtd leads to loss of Cut expression and wing defects. The Cohesin complex is also known to regulate gene expression. Cohesin binds to a region between a remote wing margin enhancer and the promoter of the cut locus 38 . The cut gene encodes a homeodomain protein expressed along the boundary between dorsal and ventral compartments in wing disc. It has been proposed that cohesin inhibits cut expression based on the fact that wing notching phenotype caused by a cut mutant allele ct k is partially suppressed by Rad21 RNAi 38 . To see whether mts and vtd show genetic interaction in Cut expression, we examined both wing discs and adult wings. mts knockdown in the DV boundary region by vg-Gal4 (vg > GFP, mts RNAi) resulted in large notches in the wing margin (Fig. 4b,y) . Because the DV boundary of wing disc develops to the margin of an adult wing, this notching phenotype suggests a role of Mts in wing margin growth. Unexpectedly, however, Vtd depletion in the wing DV boundary (vg > GFP, vtd RNAi) also caused wing notching, although the phenotype was milder than that of vg > mts RNAi (Fig. 4c,y) . Two independent vtd RNAi lines showed notching phenotypes in adult wings. Strikingly, double knockdown of mts and vtd (vg > GFP, mts RNAi, vtd RNAi) showed severe growth defect, leading to a loss of nearly 90% of wing tissue (Fig. 4d,y) . Since vtd RNAi has only weak effects on wing development, the strong wing phenotype by double knockdown are likely due to a synergistic genetic interaction between mts and vtd.
Expression of the cut gene at the DV boundary is essential for wing margin development 46 . We checked the Cut level in 3rd instar wing disc (Fig. 4e~h) and found partial loss of Cut in vg > GFP, mts RNAi wing disc (Fig. 4f) . Cut expression was also reduced in wing discs from vg > GFP, vtd RNAi (Fig. 4g) , consistent with the (f "'') . The y-axis indicates percentage of all mitotic nuclei showing abnormal pattern of spindles and centrosomes. The number of free centrosomes were also included. Because it is not possible to determine the number of nuclei that provided free centrosomes, we arbitrarily scored each free centrosome as one abnormal mitotic nucleus. Therefore, the y-axis shows only approximate quantification of abnormal mitotic nuclei. Error bars are s.d. n = 10. **P < 0.01 (t-test).
www.nature.com/scientificreports www.nature.com/scientificreports/ result that vtd RNAi causes mild notching in adult wings (Fig. 4c ). Wing discs with double knockdown of mts and vtd showed stronger reduction in the Cut level than mts or vtd single knockdown (Fig. 4h) . We also checked the pattern of GFP expression in the DV boundary region driven by vg-GAL4. In all genotypes tested, GFP was expressed similarly along the DV boundary (Fig. 4i~l) . Therefore, loss of Cut resulting from the knockdown of mts and/or vtd was not due to cell death at this larval stage.
In addition to vtd RNAi, we tested whether vtd mutation can enhance the wing phenotype caused by mts RNAi knockdown. Homozygous vtd ex3 mutant die during embryogenesis 43 , but vtd heterozygous mutation (vtd ex3 /+) did not affect wing development (Fig. 4s,z) . However, vtd ex3 heterozygotes enhanced the moderate wing phenotype of vg > mts RNAi, resulting in a stronger reduction of the wing size (Fig. 4t,z) . Likewise, vtd heterozygote (vtd ex3 /+) showed normal Cut level in wing disc (Fig. 4w) but strongly enhanced the partial loss of Cut expression caused by mts RNAi (Fig. 4x) . These results suggest that genetic interaction between Mts and Vtd is required for normal Cut expression and wing development. Because mts RNAi phenotype was enhanced by reducing Vtd, we examined whether Vtd overexpression may be sufficient to suppress the effects of mts RNAi. However, Vtd overexpression, which was confirmed by immunostaining ( Supplementary Fig. S2e -e"'), could not affect the mts RNAi phenotype ( Supplementary Fig. S2a-d) .
Taken together, Mts and Vtd are essential for development of wing imaginal discs and show genetic interaction, as in mitosis during embryogenesis.
Loss of Mts or Tws causes reduction of Vtd level.
Our data thus far suggest that Mts and Vtd are functionally related. Since mts RNAi phenotype in the wing is enhanced by reducing the Vtd level but cannot be rescued by Vtd overexpression, we hypothesized that Mts might be necessary for the Vtd function. To test this possibility, we knocked down Mts in S2 cells using mts dsRNA and examined the level of Vtd (Fig. 5a ). Western blot analysis showed that Mts level begins to decrease from Day 2 after mts dsRNA treatment and is significantly reduced from Day 4. Interestingly, Vtd level was also reduced from Day 4 (Fig. 5a ), indicating that Mts is required to maintain the level of Vtd protein. To confirm this result in vivo, we examined the effects of depleting www.nature.com/scientificreports www.nature.com/scientificreports/ Mts in wing discs. We generated clones of cells expressing mts RNAi by using the flip-out method in Ay-Gal4 (Act5C > y + > GAL4) wing discs ( Fig. 5b-b"' ). mts RNAi clones were induced by heatshock flippase (hs-FLP). As shown in Fig. 5b-b"' , mts RNAi clones marked by GFP expression showed significant reduction in the Vtd level.
To support the role of Mts for the regulation of Vtd level, we tried to examine mts loss-of-function mutant clones in wing discs using the FLP-FRT system 47 . However, mts mutant clones were not formed due to cell lethality or were too small to analyze the mutant effects (data not shown). As an alternative approach, we utilized a mutation in twins that encodes a regulatory subunit of PP2A. Unlike mts mutant clones, large tws 60 mutant clones were recovered in wing discs using hs-FLP (Fig. 5c-c"' ). Consistent with the results from mts RNAi clones, the level of Vtd expression was strongly reduced in tws 60 mutant clones. We also measured the effects of tws 60 mutation by western blot analysis of cell extracts from wing discs. Levels of Vtd in tws 60 mutant wing discs were reduced to about 50% compared with the wild-type discs (Fig. 5d) , while there was no change in the level of control proteins like actin and histone H3. To determine whether Mts affects vtd transcription, we checked vtd mRNA level in tws 60 homozygous wing discs (Supplementary Fig. S3 ). Quantitative PCR results showed that the www.nature.com/scientificreports www.nature.com/scientificreports/ relative amount of vtd mRNA was not significantly changed in tws 60 homozygous wing discs. These data indicate that PP2A is required mainly to maintain the level of Vtd protein but not vtd mRNA expression.
Based on the effects of tws 60 allele on the Vtd level (Fig. 5c-c"' ), it was possible that Tws might also form a complex with Vtd. Indeed, 2xMyc-tagged-Vtd and V5-tagged-Tws showed co-immunoprecipitation ( Supplementary  Fig. S4a) . Furthermore, when both V5-tagged Vtd and V5-tagged Tws were transfected to S2 cells with 2xFLAG-tagged Mts, FLAG-Mts coimmunoprecipitated with V5-Tws and V5-Vtd (Supplementary Fig. S4b ). These results suggest that Mts interacts with Tws and Vtd.
Vtd stability is regulated by PP2A through proteasomal degradation pathway. The results from mts knockdown in S2 cells and clonal analysis in wing discs strongly suggest that PP2A regulates Vtd stability. Since mts knockdown reduces the Vtd level, we tested whether Vtd stability is regulated by a protein degradation pathway. When S2 cells were treated with okadaic acid to inhibit PP2A activity 48 ( Fig. 6a,b) , Vtd level was significantly decreased. This result supports that PP2A activity is required to regulate Vtd stability. There are two major protein degradation pathways in eukaryotic cells, that is, the ubiquitin-proteasomal pathway and the lysosomal degradation pathway [49] [50] [51] . To distinguish these possibilities, we treated S2 cells with chloroquine (500 µM, inhibitor of lysosome) and/or MG132 (100 µM, inhibitor of proteasome) in the presence or absence of okadaic acid (Fig. 6a,b ). The reduction of Vtd level by okadaic acid was not recovered by chloroquine. On the contrary, the effect of okadaic acid on the Vtd level was significantly recovered in S2 cells co-treated with MG132. These data support that PP2A regulates Vtd stability through the proteasomal degradation pathway.
To confirm that Vtd stability is regulated in vivo by the proteasomal degradation pathway, we checked whether proteasome inhibition can rescue the mitotic defects in embryos laid from mts/+; vtd/+ double heterozygous mutants (Fig. 2e-e"'' ,f-f "'' , 6d,e,i, Supplementary Fig. S5b-b"' ,c-c"' ). We used prosβ6 1 allele 52,53 , a dominant mutation in the Prosβ6 subunit of proteasome. Early embryos from mts/+; vtd/+ double heterozygous mutants www.nature.com/scientificreports www.nature.com/scientificreports/ showed severe mitotic defects (Fig. 6d,e,i, Supplementary Fig. S5b-b"' ,c-c"' ), but the prosβ6 1 /+ heterozygote condition partially reduced mitotic defects by approximately two-fold in these embryos from mts/+; vtd/+ mothers (Fig. 6g,h,i, Supplementary Fig. S5e -e"' ,f-f "'). The effects of the prosβ6 1 mutation were similar for two double heterozygotes with different mts alleles (mts 02496 /+; vtd ex3 /+ or mts XE-2258 /+; vtd ex3 /+). These results suggest that Vtd stability is regulated by PP2A through the proteasomal degradation pathway.
Discussion
We have shown that Mts and Vtd are required for normal mitosis during embryogenesis and Cut regulation during wing development. Cohesin is necessary for sister chromatid cohesion, but it is also involved in the organization of spindle poles and microtubules in the division process, although the underlying mechanism is not well understood 21 . It has been shown that centrosomes in mts mutant embryos can nucleate microtubules but the growing microtubules are rarely associated with chromosomes 8 . Similarly, embryos double heterozygous for mts and vtd mutations show chromosome-free centrosomes with abnormal spindles (Fig. 2) . It is possible that defects in spindle formation or its connection to the chromosomes might lead to falling of associated chromosomes into the interior of embryo, resulting in free centrosomes. It has been shown that human cells depleted in Rad21 show defects in centrosome integrity 54 . Hence, it is plausible that free centrosome phenotypes might also be related to abnormalities in centrosomes.
We have also shown that Mts and Vtd are required for the maintenance of Cut level in wing disc for normal wing development. Importantly, knockdown of mts and vtd in wing discs results in synergistic effects to disrupt wing development. It has been reported that cohesin acts as an insulator to prevent the long-range communication between promoter and enhancer of the cut gene, thereby inhibiting Cut expression 37, 38 . This idea is based on the findings that knockdown of SA or Rad21 cohesin subunit partially suppresses the wing notching phenotype caused by ct k mutation. ct k is a gypsy transposon insertion allele that partially inhibits an enhancer-promoter interaction for cut expression. The Scc2 homolog Nipped-B interacts with the cohesin complex to regulate gene expression as well as sister chromatid cohesion. Nipped-B is an adherin that loads the cohesin complex onto chromosomes. Cohesin is loaded from the later stage of anaphase till prophase, and therefore it is a structural component of interphase chromosomes where gene expression occurs 38 . In contrast to SA, Nipped-B acts to www.nature.com/scientificreports www.nature.com/scientificreports/ promote cut expression. Our data show that vtd knockdown causes reduction of Cut level at the DV boundary in wing disc, resulting in notched wings. This result is in contrast to the earlier findings that Rad21 functions as a negative regulator of cut expression.
Although the basis for this discrepancy is not understood, it is worth noting that there are several experimental differences between the previous studies 37, 38 and this study. In the previous studies, the relationship between Rad21 and Cut expression was determined by examining whether wing notching phenotype of ct k mutant can be modified by Rad21 RNAi. Since this assay is based on the modification of ct k phenotype rather than the level of cut expression per se, it is unknown whether this phenotypic modification is correlated with the changes in the cut expression. In contrast, our approach in this study was to directly examine the effects of vtd RNAi on the Cut protein level along the DV boundary and on wing notching. In addition, previous studies induced RNAi using the Sym-pUAS vector to generate dsRNA by bidirectional mRNA synthesis whereas we used a TRiP line which expresses short hairpin (sh)RNA instead of long dsRNA 55 . Use of different RNAi methods may not significantly affect vtd knockdown effects. However, differences in the Gal4 drivers used to express Rad21 RNAi might be important. Previous studies used heatshock70 (hsp70)-Gal4, thus inducing Rad21 RNAi ubiquitously while vtd RNAi in this work was targeted more specifically to the DV boundary of wing disc by vg-Gal4. Interestingly, it was observed in the previous studies that Rad21 RNAi increases SA mRNA and Rad21 mRNA in some cases. Thus, potential cross-regulation interactions between cohesin subunit mRNA levels might also influence the effects of Rad21 RNAi in the ct k background. Nonetheless, our direct observation of the reduced Cut expression in the DV boundary of wing disc and wing notching by vtd RNAi is in accord with the positive role of Vtd in cut regulation, which is also consistent with the Nipped-B requirement for cut expression. Since reduced Mts strongly enhances the notching phenotype of vtd mutation or RNAi, Mts appears to be critical for promoting the Vtd function in cut gene activation. This is supported from the reduced Cut expression at the DV boundary by double knockdown of mts and vtd.
As a mechanism underlying the relationship between Mts and Vtd, we provided evidence that mts knockdown or PP2A inhibition by okadaic acid causes a reduction in the Vtd protein level in S2 cells. In addition, mts RNAi or loss of Tws in mutant clones in wing discs significantly reduced the level of Vtd in vivo. Furthermore, our data indicate that Mts is required for preventing the proteasome-dependent degradation of Vtd in vivo. Thus, we propose that phosphorylation of Vtd causes its downregulation by the proteasome pathway. In this process, PP2A is critical to maintain the level of Vtd by antagonizing Vtd phosphorylation. The role of PP2A in the regulation of Vtd stability is required in both embryonic mitosis and wing development based on (i) the reduction of Vtd by depleting Mts or Tws in wing discs and (ii) the suppression of mitotic defects from mts/vtd double knockdown by reducing the proteasome function in embryos.
Our biochemical data show that the C-terminal domain of Mts binds to Vtd, suggesting that PP2A might be involved in dephosphorylation of Vtd. Since Mts physically interacts with Vtd, Vtd might be a direct substrate for the PP2A activity. However, we do not exclude the possibility that PP2A dephosphorylates other factors to regulate Vtd stability. Rad21 in yeast is phosphorylated by Polo kinase during mitosis 16, 17 . Despite the similarities in protein sequences of Vtd and Rad21, Polo phosphorylation sites of Rad21 are not conserved in Vtd. This raises a possibility that cleavage of Vtd might be triggered by a different protein kinase(s) or through an unidentified mechanism. In S2 cells, phosphorylation of the SA subunit has been detected. A histone chaperone NAP1 involved in sister chromatid resolution is known to antagonize PP2A to prevent SA dephosphorylation 42 . Thus, it is possible that Mts-Vtd binding might affect the Mts-SA interaction. Identification of in vivo substrates for PP2A and new factors associated with the Mts-Vtd complex will help to reveal the mechanism of Vtd regulation. It has been reported that Twins (Tws), a regulatory subunit of PP2A, is required for Wingless (Wg)/Wnt signaling by stabilizing Arm during wing development 56 . However, it is unknown whether the control of Arm stability by Tws is related to the PP2A-dependent Vtd regulation. PP2A and cohesin complexes are evolutionarily conserved in their structures. It would be interesting to see whether the catalytic subunit of PP2A is also involved in stabilizing the Rad21/Scc1 subunit for mitosis and gene regulation in mammalian systems.
Materials and Methods
Fly stocks and genetics. All Drosophila strains were grown and maintained at room temperature. w 1118 flies were used as the wild-type. vg-GAL4 was a gift from Masayuki Miura. arm-GAL4-arm-GAL4::UAS-aCat:eGFP/arm-GAL4::UAS-a-Cat:eGFP;UAS-Dcr2T10/UASDcr2T10 was from Ingrid Lohmann. yw, hs-Flp; act5c > CD2 > GAL4, UAS-GFP/TM6b was from Daniela Grifoni. Generation of anti-Vtd antibody. An antibody against Vtd was raised in rabbits with His-Vtd 452~674 (His tagged amino acids 453-674) expressed in Escherichia coli by isopropyl β-D-1-thiogalactopyranoside induction, and the antibody was affinity-purified with GST-Vtd 452~674 (GST tagged amino acids 453-674). Antibody production and purification were carried out by Younginfrontier (Seoul, Korea). Purified Vtd antibody was used for immunoblotting (1:5000) and for immunohistochemistry (1:500).
